This study aimed at demonstrating the asymmetry in volume between the dominant and nondominant upper limbs in tennis players, controlled for maturity status. Upper limb volumes on both sides were calculated in 72 tennis players and 84 control subjects, using the truncated cone method. The participants' maturity status was determined using the predicted age at peak height velocity (PHV). The results showed significant larger side-to-side asymmetry in volume in tennis groups than in control groups. These findings suggested that, even before PHV, specific-sport adaptations occurred in the dominant upper limb in tennis players.
Tennis is physically demanding and imposes high-impact loading upon the upper extremity. Repetitive stress on the dominant extremity in adult tennis players creates anatomical differences between dominant and nondominant upper limbs (3, 4) . The magnitude of the upper-limb asymmetry in young tennis players remains uninformed, whereas many of them undergo an intensive training from early in childhood.
In high-level adult tennis players, the dominant upper limb displays greater mass, of about 12% in the forearm and of about 6% in the arm, than the nondominant one (15) . At the largest girth of the forearm, the circumference is about 6-7% greater in the dominant forearm than in the nondominant one in collegiate female and male tennis players (11) . Mean differences of 3% for the forearm circumference and of 5% for the arm circumference are recorded in adult female tennis and squash players (9) . The asymmetry between the dominant and the nondominant upper limbs volumes is explained by an increase in bone mass (9) and muscle hypertrophy in the dominant upper limb (3, 4) .
In young tennis players, the effects of mechanical loads on the upper limb have skeletal benefits (1, 5) . Concerning the muscle development, it is commonly believed that an intermittent activity in prepubertal children mainly results in neural adaptations and only minimally in a muscle hypertrophy (6, 7) . A greater muscle cross-sectional area in the dominant arm has been reported, however, in prepubertal competitive female players using magnetic resonance imaging (5) . This result suggests that the upper-limb muscle mass increases in response to exercise even before puberty. Nevertheless, the bilateral asymmetry in volume between the dominant and nondominant upper limbs remains almost unknown in young female and male tennis players.
High technology-based methods such as magnetic resonance imaging are considered the "gold standard" for measuring muscle characteristics; but it is also expensive, time-consuming, and inadequate for field experiments. In the sportive environment, anthropometric measurements can be easily performed and allows the athlete's physical proportionalities to be expressed (16) . Concerning the upper limbs, anthropometric measurements are generally based on maximal girths (4,9,11); however, the maximal girth method provides no information about the volume of the upper limbs. In this condition, studies with clinical relevance (10, 13, 17) have transposed the truncated cone method from the lower limbs (8) to the upper limbs to estimate the upper-limb volumes.
The current study was conducted to compare the dominant and nondominant upper-limb volumes in male and female tennis players, controlled for maturity status. This study examined the existence of asymmetry between the upper limbs and compared results from tennis players with nontennis players to evaluate the morphological changes that could be attributed to playing tennis.
Material and Method

Participants
Participants in this study included 30 female (age 8-14 years) and 42 male (age 9-17 years) tennis players, all using double-handed backhand. All participants had successfully passed the detection program organized by the regional committee of tennis in Lyon, France. As a consequence, they were considered as national-level tennis players. Tennis players were compared with a control sample of 84 soccer players of the Olympique Lyonnais teams (females n = 18; males n = 66; age 8-15 years), who were engaged in the same competitive level than the tennis players, but they did not apply repetitive loading on their upper limbs in their physical activity. In control groups, the dominant upper limb was defined as the handedness. All the tennis and soccer players began their activity at about 5-6 years old and were practicing on a daily basis at the time of experiments. The characteristics of these samples are presented in Table 1 . Players and parents gave their written inform consent. The ethical permission was sought and waived by the local ethical committee.
The body weight was measured with an electronic scale to the nearest 0.1 kg and the standing and sitting heights were measured with an anthropometer (GPM Siberhegner) to the nearest 0.1 cm. To assess the maturity of the participants, a prediction of maturity, years from Peak Height Velocity (PHV), was applied (14) . A gender-specific multiple regression equation was applied to all females and males. According to tennis and control populations, females were separated into two groups: the first one including females who were two years before their predicted age at PHV and the second one including the females close to their PHV at the time of the experiments. According to tennis and control populations, the males were grouped into three maturity groups: the first group including the males who were two years before their predicted age at PHV at the time of the experiments, the second group including the males who were 1 year before their predicted age at PHV and the third group including the males close to their PHV.
To assess the upper limb volumes, circumferences and lengths were measured using a nonelastic tape on the left and the right sides of the body and recorded to the nearest 0.1 cm. For measuring upper-limb circumferences and lengths, the subjects stood relaxed with her/his side to the observer, and the upper limb hanging freely at the side. Six levels were pen-marked on each upper limb ( Figure 1 ): (1) the ulnar styloïd, (2) the largest girth of the forearm, (3) the olecranon, (4) the largest girth of the arm, (5) the distal insertion of the deltoïd and (6) the acromion. The six circumferences were measured passing the tape around the upper limb at each marked level and the five lengths were measured between two successive marks. Five truncated cones were thus defined ( Figure 1 ) (2): from the wrist (ulnar styloïd) to the largest girth of the forearm (V 1 ), from this last girth to the elbow (olecranon; V 2 ), from the elbow to the largest girth of the arm (V 3 ), from this last girth to the girth at the distal insertion of the deltoid (V 4 ), and from this last girth to the proximal insertion of the deltoid (V 5 ) (10, 13, 17) . The volume of the 5 cones in the dominant and nondominant upper limbs was calculated using the truncated cone equation (8, 10, 13, 17) . The forearm volume V F was calculated by the sum of the two truncated cones between the wrist and the elbow (V 1 + V 2 ). The arm volume V A was calculated by the sum of the three truncated cones between the elbow and the proximal insertion of the deltoid (V 3 + V 4 + V 5 ). The same anthropometrist made all anthropometric measurements. Technical errors of measurement (16) for anthropometric measures ranged from 1.5% to 2% and reliability ranged 99.42% to 99.53%. Values for all measures are presented as means with standard error (SE). Two-sample t-tests were performed to compare the descriptive characteristics of each control-tennis-paired group. Univariate analysis of covariance (ANCOVA) was used to compare differences between groups in dominant forearm and arm volumes for the maturity status and sport type for each gender. The nondominant forearm and arm volumes, respectively, were used as the covariate in the model. The interaction term between the nondominant volume and maturity group was also included into the model to provide evidence for the changes in the differences with maturity status. Estimated marginal means are presented from the analysis. Differences were deemed significant at p < .05. Estimated marginal means from ANCOVA are used in figures whereas raw means are shown in tables. All analyses were performed on SPSS version 11.0 (SPSS, Inc., Chicago, IL.).
Results
Descriptive characteristics are shown in Table 1 for tennis and control female groups and in Table 2 for tennis and control male groups. No significant differences were reported for the height, weight, sum of skinfolds, and maturity offset between tennis and control groups for gender and maturity groups. No significant differences between control-tennis-paired groups were observed for the age, except between male groups who were two before before their APHV. (t = 2.79, p = .009; Table 2 ).
Raw means for dominant and nondominant upper limb volumes and differences between limbs in female tennis and control groups are shown in Table 3 . ANCOVA showed that estimated means for the forearm volume ( Figure 2a) were significantly influenced by the measurement side (F = 869.9; p < .001; retrospective statistical power = 1) and by the sport type (F = 26.8; p < .001; retrospective statistical power = 0.99). The estimated means for the arm volume ( Figure 2b) were influenced by the measurement side (F = 327.5; p < .001; retrospective statistical power = 1) and by the interaction term between the sport type and the maturity status (F = 5.5; p = .02; retrospective statistical power = 0.63).
Raw means for dominant and nondominant upper limb volumes and differences between limbs in male tennis and control groups are shown in Table 4 . ANCOVA showed that estimated means for the forearm volume ( Figure 3) were significantly influenced by the side measurement (F = 369963.1; p < .001; retrospective statistical power = 1) and by the sport type (F = 39720.4; p < .001; retrospective statistical 
Discussion
The main results of this study showed the existence of an asymmetry in volume between dominant and nondominant upper limbs in anthropometric measurements and the degree of this asymmetry was larger in young tennis players than in control children. Each control-tennis-paired group involved in this study had similar mean age, height, weight, sum of skinfolds, and maturity offset (Tables 1 & 2) , except in the groups of males who were two years before their predicted Age at Peak Height Velocity (APHV). Indeed, the control group was slightly older than the tennis group. Nevertheless, as the children were grouped in accordance with the maturity status, the difference in age mean values between the tennis and control groups would not induce a bias in comparing the dominant and nondominant upper limb volumes. In addition, the comparison between the mean height and weight measured in this study and the Sempé's growth curves (19) showed that, in average, the participants presented a normal growth. Moreover, the tennis and control groups close to their APHV had similar age with reference population (12) , hence indicating that these females and males were on time for their maturity status. As a consequence, the characteristics of each tennis group were comparable to those of the corresponding control group. It could be then hypothesized that a larger degree of asymmetry in volume between the dominant and nondominant upper limb in tennis groups than in control groups could be to the repetitive use of the dominant upper limb because of intense tennis training. The results of this study showed that an asymmetry was observed between the measurement sides (Tables 3 and 4) , except in female control groups either for the forearm or arm volumes ( Table 3 ). The absence of asymmetry among control females was intriguing but this observation has been already done in a previous study (18) . The asymmetry observed in control males could be explained by the handedness (18) . As the preferred side is used more, the musculature develops more there. The comparison of the differences between the dominant and nondominant segments in the groups of both gender pointed out that the asymmetry between upper limbs was significantly greater in the tennis groups than in the control groups (Figures 2 and 3 ). These findings suggested that the asymmetry in volume between the upper limbs of tennis players could reflect an increase in muscle volume, as previously measured in prepubertal female tennis players (5) . Indeed, the differences recorded in the upper limbs could be partially attributed to constantly carry a load on the dominant side by holding the racket throughout play. This could contribute to develop the whole upper-limb muscles, which were contracted to move shoulder, elbow and wrist joints during serves and ground strokes. The asymmetry between the upper limbs of tennis players can be reasonably attributed to the mechanical forces, which are exerted over hundreds of repetitions during tennis practice and match play. In addition, the results of this study suggested that the asymmetry appeared early at the forearm site, probably because of repetitive muscular contractions to firmly grip the racket handle at the time of ball impact, whereas the asymmetry at the arm site (Tables 3 and 4) would appear close to the PHV. However, only a longitudinal training study could allow these observations to be explained with certainty.
The main limitations in the current study were associated with prediction of maturity age. The maturity assessment was based on method, which provides a continuous measure predicting age at PHV. This was used instead of a traditional staging by secondary sex characteristics, where the time of change between stages is difficult to detect and because the direct observation of the secondary sex characteristics is too invasive. The division into maturity age category was considered successful, but unfortunately no tennis female was at about 1 year before her APHV that did not allow an intermediate maturity group to be studied. In addition, the study was conducted on young tennis players involved in regular intensive training and therefore, direct application of the results to the general tennis population might not be entirely justified.
This study showed that the truncated cone method allowed the segmentary volume of upper limbs to be estimated and the asymmetry in young female and male tennis players to be observed. This suggested that sport-specific adaptations appeared before maturity in young tennis players. The precise occurrence and the evolution of such adaptations, however, remain to be established.
Conclusion
The young female and male tennis players were found to have consistently higher differences in volume between dominant and nondominant upper limbs than control children, at 2 years before, at 1 year before and close to their predicted age at peak height velocity. This study demonstrated the asymmetry in forearm and arm volumes between dominant and nondominant upper limbs in tennis players, controlled for maturity status. This asymmetry is likely a result of playing tennis rather than handedness. Further longitudinal training research is needed to determine the occurrence and to follow the adaptative response of the organism to stimuli from playing tennis.
